Background: Tibia fracture in rats evokes chronic hindpaw warmth, edema, allodynia, and regional osteopenia, a syndrome resembling complex regional pain syndrome (CRPS). Previous studies suggest that the pathogenesis of some of these changes involves an exaggerated regional inflammatory response to injury and we postulated that inflammatory cytokines contribute to the development of CRPS-like changes after fracture. Methods: The distal tibia was fractured and the hindlimb casted for 4 weeks. The rats were given drinking water with or without the cytokine inhibitor pentoxifylline (PTX) starting the day before fracture and continuing for 4 weeks, after which time the cast was removed and multiple assays were performed in the hindpaw. PCR and immunoassays were used to evaluate changes in cytokine expression. Bilateral hindpaw thickness, temperature, and nociceptive thresholds were determined, and bone microarchitecture was measured by microcomputed tomography (lCT). Results: Tibia fracture chronically up-regulated TNFa, IL-1b and IL-6 mRNA and protein levels in hindpaw skin and PTX treatment significantly reduced the mRNA expression and cytokine protein levels for all these cytokines. PTX inhibited the nociceptive sensitization and some vascular changes, but had insignificant effects on most of the bone-related parameters measured in these studies. Immunostaining of hindpaw skin was negative for immunocyte infiltration at 4 weeks post-fracture. Conclusions: These results suggest that pro-inflammatory cytokines contribute to the nociceptive and vascular sequelae of fracture and that PTX treatment can reverse these CRPS-like changes.
Introduction
Previously proposed animal models poorly represent the inciting trauma and the complex nociceptive, vascular and bone changes observed in the CRPS patient. Recently we described a rat tibia fracture model of CRPS type I (Guo et al., 2004) . CRPS is a frequent consequence of distal tibia (Sarangi et al., 1993) and distal radius fractures (Atkins et al., 1990; Bickerstaff and Kanis, 1994) . The affected limb displays increased skin temperature, increased cutaneous protein extravasation, distal limb edema, osteoporosis, postural changes and allodynia (Guo et al., 2004) . The constellation of these post-fracture features closely resembles those observed in CRPS patients (Bickerstaff et al., 1993; Oyen et al., 1993; Veldman et al., 1993; Blumberg and Jänig, 1994; Wasner et al., 2001) .
The pathogenesis of CRPS is complex and involves a broad set of interlinked processes. Experimental evidence suggests that neurogenic inflammatory responses are enhanced in the CRPS limb (Oyen et al., 1993; Waston, 1995; Weber et al., 2001; Leis et al., 2003) . Neurogenic inflammation is mediated by the peripheral release of the sensory neuropeptides substance P (SP) and calcitonin gene-related peptide (CGRP). Peripherally released SP is able to elicit vasodilatation and protein extravasation via activation of the SP receptors (NK1) (McDonald, 1988; Bowden et al., 1994) . Not only does SP have inflammatory effects, it also acts as a central neurotransmitter facilitating sensitization of second order spinal neurons via activation of the NK1 receptors on ascending spinal neurons resulting in spontaneous pain and hyperalgesia (Nichols et al., 1999) . Previously, we observed that an NK1 receptor antag- onist partially reversed the development of hindpaw warmth, edema, spontaneous extravasation, and allodynia in the CRPS fracture model (Guo et al., 2004) . Furthermore, intravenous SP-evoked extravasation and edema responses are chronically enhanced after fracture in rats (Guo et al., 2006) and SP-evoked extravasation responses in CRPS patients are also facilitated (Leis et al., 2003) . Collectively, these data suggest that SP-signaling is enhanced in the CRPS extremity.
Peripheral SP release also stimulates the production of proinflammatory cytokines, such as interleukin (IL)-1b, IL-6, and TNFa in the skin of rats (Saade et al., 2002; Massaad et al., 2004) . Several studies have demonstrated that suction-induced skin blisters on the affected but not the contralateral extremity of CRPS patients contain elevated levels of cytokines IL-6 and TNFa (Huygen et al., 2002 (Huygen et al., , 2004b . In addition, the cerebrospinal fluid (CSF) of CRPS patients contains increased levels of IL-1b and IL-6 (Alexander et al., 2005) and serum expression of TNFa is increased in CRPS (Uceyler et al., 2007) . Moreover, the anti-TNFa agent infliximab was observed to reduce spontaneous pain and articular tenderness in CRPS patients (Huygen et al., 2004a) . Facilitated cytokine signaling appears critical to the development of inflammatory pain behavior in several animal models (Woolf et al., 1997; Tonussi and Ferreira, 1999; Cunha et al., 2005; Inglis et al., 2005) and cytokine inhibitors have proven to be selective and highly effective therapeutics for rheumatoid arthritis and a variety of chronic inflammatory diseases (Feldmann, 2002; Smolen et al., 2007) .
In light of these results, we hypothesized that cytokine production would be enhanced in our fracture rat model of CRPS, contributing to the development of nociceptive sensitization, vascular changes and bone loss. To elaborate this hypothesis, we utilized the rat tibia fracture model seeking for changes in hindpaw cytokine expression after fracture and tested the therapeutic efficacy of chronic and acutely administered pentoxifylline (PTX), a phosphodiesterase inhibitor, which also has a broad-spectrum inhibitory effect on cytokine production (Strieter et al., 1988; Zabel et al., 1993; Dorazil-Dudzik et al., 2004; Ji et al., 2004; Lu et al., 2004 Lu et al., , 2007 Vale et al., 2004) .
Materials and methods
These experiments were approved by our institute's Subcommittee on Animal Studies. Adult (10-month-old) male Sprague Dawley rats (Harlan, Indianapolis, IN) were used in all experiments. The animals were housed individually in isolator cages with solid floors covered with 3 cm of soft bedding and were fed Lab Diet 5012 (PMI Nutrition Institute, Richmond, IN), which contains 1.0% calcium, 0.5% phosphorus, and 3.3 IU/g of vitamin D 3 .
Surgery
Tibia fracture was performed under isoflurane anesthesia as we have previously described (Guo et al., 2004) . The right hindlimb was wrapped in stockinet and the distal tibia was fractured using pliers with an adjustable stop that had been modified with a 3-point jaw. The hindlimb was wrapped in casting tape so the hip, knee and ankle were flexed. The cast extended from the metatarsals of the hindpaw up to a spica formed around the abdomen. At 4 weeks the cast was removed.
RNA isolation, reverse transcription and real-time PCR
Hindpaw dorsal skin was collected by dissection under isoflurane anesthesia and homogenized in lysis buffer. Samples were then centrifuged for 10 min at 12,000g at 4°C. The supernatants were subsequently processed using RNeasy Mini Kit (Qiagen, Valencia, CA). Complementary DNA (cDNA) was synthesized using a reverse transcriptase iScript TM cDNA Synthesis Kit (Bio-Rad, Hercules, CA): 1 lg of RNA in a total volume of 20 ll was incubated at 25°C for 5 min followed by 42°C for 30 min and then heat inactivation at 85°C for 5 min. After incubation, cDNA reactions were diluted 1:10 in RNase-free water prior to quantitative PCR (qPCR). Real-time qPCR was performed using ABI 7900HT sequencing detection system (Applied Biosystems, Foster City, CA). We utilized assay-on-demand gene expression products for TNFa (Rn00562055 m1), IL-1b (Rn00580432 m1) and IL-6 (Rn00561420 m1) (TaqMan MGB probes, FAM dye-labeled) and TaqMan 2X Universal PCR Master Mix (Applied Biosystems; Foster City, CA). Ribosomal 18s mRNA (Hs99999901 s1) was used as an internal control. Amplification kinetics for these products were similar. The data from real-time PCR experiments were analyzed by the comparative C t method as described in the manual for the ABI prism 7900HT real-time system. All samples were analyzed in triplicate or quadruplicate.
2.3. Homogenization procedure and ELISA for TNFa, IL-1b and IL-6 cytokines
The hindpaw dorsal skin was collected under isoflurane anesthesia and cut into fine pieces in ice-cold phosphate buffered saline, pH 7.4, containing protease inhibitors (aprotinin (2 lg/ml), leupeptin (5 lg/ml), pepstatin (0.7 lg/ml), and PMSF (100 lg/ ml); Sigma, St. Louis, MO, USA), followed by homogenization. Homogenates were centrifuged for 5 min at 14,000g, then diluted with Triton X-100 to a final concentration of 0.01%, and then centrifuged again for 5 min at 14,000g. The supernatants were aliquoted, stored at À80°C and assayed in duplicate (after dilution in the standard buffer supplied) using ELISA kits for TNF (Biosource Europe, Nivelle, Belgium), IL-1b, and IL-6 (Bender MedSystems, Burlingame, CA) according to the manufacturer's instructions. These assay systems detect rat TNFa, IL-1b and IL-6 with a sensitivity of 4 pg/ml, 4.4 pg/ml and 12 pg/ml, respectively. Positive and negative controls were included in each assay. TNFa, IL-1b and IL-6 cytokines concentrations were expressed as pg/mg protein. Protein content was determined by the bicinchoninic acid protein assay reagent (Pierce, KMF Laborchemie, St. Augustin, Germany).
Hindpaw nociception
To measure mechanical allodynia in the rats an up-down von Frey testing paradigm was used as we have previously described (Kingery et al., 2003) . Rats were placed in a clear plastic cylinder (20 cm in diameter) with a wire mesh bottom and allowed to acclimate for 15 minutes. A series of eight von Frey hairs ranging in stiffness from 0.41 g to 15.14 g were employed. The von Frey hair was applied against the hindpaw plantar skin at approximately midsole, taking care to avoid the tori pads. The initial fiber presentation was 2.1 g and the fibers were presented according to the updown method of Dixon to generate six withdrawal responses in the immediate vicinity of the 50% threshold.
An incapacitance device (IITC Inc. Life Science, Woodland, CA) was used to measure hindpaw unweighting, a postural effect of hind limb nociception. The rats were manually held in a vertical position over the apparatus with the hindpaws resting on separate metal scale plates and the entire weight of the rat was supported on the hindpaws. The duration of each measurement was 6 s and 10 consecutive measurements were taken at 60-s intervals. Eight readings (excluding the highest and lowest ones) were averaged to calculate the bilateral hindpaw weight bearing values.
Tail-flick testing was performed as previously described (Guo et al., 1999) . Using a heating blanket, tail temperatures were maintained at 30°C. Tail-flick latencies were determined from the mean of two consecutive latencies using a tail-flick apparatus (Columbus Instruments, Columbus, OH). The light stimulus intensity was pre-set at an intensity that elicited a mean latency of 3.7 s with a cut-off set at 10 s to avoid tissue injury.
Hindpaw thickness
A laser sensor technique was used to determine the dorsal-ventral thickness of the hindpaw, as we have previously described (Kingery et al., 2003) . For laser measurements each rat was briefly anesthetized with isoflurane and then held vertically so the hindpaw rested on a table top below the laser. The paw was gently held flat on the table with a small metal rod applied to the top of the ankle joint. Using optical triangulation, a laser (4381 Precicura, Limab, Goteborg, Sweden) with a distance measuring sensor was used to determine the distance to the table top and to the top of the hindpaw and the difference was used to calculate the dorsalventral paw thickness.
Hindpaw temperature
The room temperature was maintained at 23°C and humidity ranged between 25% and 45%. The temperature of the hindpaw was measured using a fine wire thermocouple (Omega, Stamford, CT) applied to the paw skin in awake, unanesthetized rats, as previously described (Kingery et al., 2003) . The investigator held the thermistor wire using an insulating Styrofoam block. Three sites were tested over the dorsum of the hindpaw; the space between the first and second metatarsals (medial), the second and third metatarsals (central), and the fourth and fifth metatarsals (lateral) . After a site was tested in one hindpaw the same site was immediately tested in the contralateral hindpaw. Six measurements for each hindpaw were averaged for the mean temperature.
Microcomputed tomography (lCT)
Ex vivo scanning was performed for assessment of trabecular and cortical bone architecture using lCT (VivaCT 40, Scanco Medical AG, Basserdorf Switzerland). Specifically, trabecular bone architecture was evaluated at the distal femur and fourth lumbar vertebra and cortical bone morphology was evaluated at the femur midshaft. CT images were reconstructed in 1024 Â 1024-pixel matrices for vertebral, distal femur, and midfemur samples and stored in 3-D arrays. The resulting grayscale images were segmented using a constrained Gaussian filter to remove noise, and a fixed threshold (25.5% of the maximal grayscale value for vertebrae and distal femur and 35% for midfemur cortical bone) was used to extract the structure of the mineralized tissue. The lCT parameters set at threshold = 255, r = 0.8, support = 1 for vertebral samples, threshold = 255, r = 0.8, support = 1 for distal femur, and threshold = 350, r = 1.2, and support = 2 for midfemur evaluation analysis. A single operator outlined the trabecular bone region within distal femur and vertebral body, and cortical bone region in midfemur shaft.
Each vertebral body was scanned using 223 transversely oriented 21 lm thick slices (21-lm isotropic voxel size) encompassing a length of 4.68 mm. In the distal femur, 150 transverse slices of 21 lm thickness (21-lm isotropic voxel size) encompassing a length of 3.15 mm were acquired, but only 100 slices encompassing 2.1 mm of the distal femur were evaluated, starting where the growth plate bridge across the middle of the metaphysis ends. At the femur midshaft, 10 transverse CT slices were obtained, each 21 lm thick totaling 0.21 mm in length (21 lm isotropic voxel size) and these were used to compute the cortical thickness (CtTh, lm), total area (TAr, mm 2 ), bone area (BAr, mm 2 ), and bone perimeter (BPm, mm).
Histological analysis, immunohistochemistry
After transcardiac perfusion with 200 ml normal saline the dorsal hindpaw skin was removed and post-fixed in 10% buffered formalin overnight before embedding in paraffin. Following embedding 8 lM slices were cut, mounted onto slides, deparaffinization in xylene, hydrated through graded alcohols to distilled water, and stained with hematoxylin and eosin (H&E). Other sections were immunolabeled for OX-42 (macrophages, Serotec, Oxford, UK, diluted 1:400), CD-43 (T-lymphocytes, Serotec, diluted 1:250), and HIS48 (neutrophils, Santa Cruz Biotechnology, Santa Cruz, CA, diluted 1:20) protein expression. After incubated with the primary antibodies the immunostained sections were incubated with a biotinylated secondary antibody against mouse IgG (Vector Laboratories, Burlingame, CA, diluted 1:200), followed by incubation with avidin-FITC (Vector Laboratories). Sections were viewed using an Olympus BH-2 microscope and digital imaging equipment (Diagnostic Instruments, Sterling Heights, MI). Fluorescent images were visualized by a confocal microscope (Zeiss LSM/ 510 META).
Study design
Pentoxifylline (Sigma, St. Louis, MO), was given in water, in a dosage of 200 mg/kg/day for 30 days. The first 7 days the drug was added in water and administered by gavage while the next 23 days it was given in drinking water (200 mg/kg in 5 ml water) between the hours of 9am and 5pm. If all the water was not consumed each day the residual was given by gavage. The dosage and administration protocol for PTX was based on previous studies using PTX intraperitoneal (i.p.) administration in rat models of neuropathic and inflammatory pain (Wordliczek et al., 2000; Liu et al., 2007) . The rats were given either PTX in water or drinking water for 30 days, starting the day before the fracture, over the 28 day post-fracture interval.
Baseline determinations were made of bilateral hindpaw temperature, thickness, mechanical nociceptive withdrawal thresholds, and weighting bearing. After baseline tests the rats underwent a right distal tibia fracture with casting. The casts were removed after 28 days and repeat bilateral testing of hindpaw temperature, thickness, mechanical nociceptive withdrawal thresholds, and weighting bearing was performed. Overall, there were two cohorts of fracture rats treated with PTX. One was given PTX chronically for 30 days, whereas another cohort of fracture rats underwent baseline behavioral testing on the day after cast removal and were then given a single dose of PTX (200 mg/kg) by gavage. Behavioral tests were repeated within 1-2 h after drug administration in the fracture rats given a single dose of PTX. In addition, tail-flick latency testing was performed in control rats that were given either a single dose of PTX (200 mg/kg) or water by gavage 1-2 h after drug administration in order to determine an analgesic efficacy of the drug for acute nociceptive stimuli in intact animals. Hindpaw temperature, thickness, and mechanical allodynia data were analyzed as the difference between the treatment side and the contralateral untreated side. Weight bearing data were analyzed as the ratio between right and left hindpaw weight bearing values ((2R/(R + L)) Â 100%). Ex vivo lCT scanning was used to determine vertebral and femoral bone parameters for control rats (no fracture) and fracture rats that were given with either PTX or water. Hindpaw skin mRNA and protein expression for TNFa, IL-1b and IL-6 were determined at 4 weeks post-fracture.
Statistical analysis
Statistical analysis was accomplished using a one-way analysis of variance (ANOVA) followed by post hoc Newman-Keuls multi-ple comparison testing to compare between three cohorts: control rats, fracture rats treated with water, and fracture rats treated chronically with PTX for 30 days. In addition, unpaired Student ttesting was performed in two fracture groups treated either with a single PTX dose or water on the day after cast removal. An unpaired Student t-test was also used to compare tail-flick latencies in control rats treated either with a single dose of PTX or with water. All data are presented as the mean ± SEM, and differences were considered significant at a p value less than 0.05.
Results
3.1. Increased expression of TNFa, IL-1b and IL-6 mRNA in hindpaw skin after fracture
We used real-time PCR to detect changes in expression of TNFa, IL-1b and IL-6 mRNA in control, fracture and PTX treated fracture groups. Overall, we observed a consistent increase in the mRNA levels for all three cytokines in the ipsilateral hindpaw skin at 4 weeks after fracture (Fig. 1) .
Cytokine mRNA expression levels were examined by one-way ANOVA with a significant effect for all three cytokines indicating overall differences: F 2,16 = 10.65, p = 0.001 for TNFa (panel 1A); F 2,19 = 12.35, p = 0.0004 for IL-1b (panel 1B); and F 2,19 = 3.89, p = 0.038 for IL-6 (panel 1C). TNFa, IL-1b and IL-6 mRNA levels were significantly increased by 4-, 33-, and 79-fold, respectively, in the fracture cohort (post hoc testing vs. control rats; p < 0.01 for TNFa, p < 0.001 for IL-1b and p < 0.05 for IL-6). PTX treatment in fracture rats (200 mg/kg/day for 4 weeks), starting the day before fracture, prevented any increase in cytokine expression (post hoc testing vs. untreated fracture rats; p < 0.01 for TNFa, p < 0.001 for IL-1b and p < 0.05 for IL-6).
3.2. Increased TNFa, IL-1b and IL-6 protein levels in hindpaw skin after fracture TNFa, IL-1b and IL-6 protein levels in hindpaw skin were determined using rat ELISA cytokine assays (Fig. 2) at 4 weeks post-fracture. Protein levels among three rat cohorts were examined by an analysis of variance with a significant effect for all three cytokines indicating overall differences; F 2,26 = 16.68, p < 0.0001 for TNFa (panel 2A), F 2,23 = 18.21, p < 0.0001 for IL-1b (panel 2B), and F 2,23 = 4.86, p = 0.017 for IL-6 (panel 2C). After fracture, all three cytokine levels were significantly increased (post hoc testing vs. controls; p < 0.001 for TNFa, p < 0.001 for IL-1b and p < 0.05 for IL-6). When fracture rats were treated with PTX there was a significant inhibition of fracture-induced elevation in skin cytokine levels (post hoc testing vs. untreated fracture rats; p < 0.001 for TNFa, p < 0.01 for IL-1b and p < 0.05 for IL-6).
PTX effects on hindpaw vascular and nociceptive parameters after fracture
The effect of prolonged PTX treatment on fracture-induced hindpaw warmth, edema, mechanical sensitivity and weight bearing was evaluated (Fig. 3 ). An analysis of variance showed overall differences among three rat cohorts for behavioral vascular indices, with F 2,23 = 8.87, p = 0.001 for edema (panel 3A), and F 2,23 = 17.78, p < 0.0001 for temperature (panel 3B). At 4 weeks post-fracture the right hindpaw thickness (Fig. 3A) and temperature (Fig. 3B) were increased in the ipsilateral hindpaws of untreated fracture rats (post hoc testing vs. control rats; p < 0.001 for edema, and p < 0.001 for temperature). Four weeks of PTX treatment in fracture rats inhibited the expected increase in hindpaw temperature (post hoc testing vs. untreated fracture rats; p < 0.05, panel 3B), but had Fig. 1 . Cytokine mRNA levels in hindpaw skin ipsilateral to tibia fracture. The mRNA levels of TNFa (panel A), IL-1b (panel B) and IL-6 (panel C) were measured using realtime PCR. Groups include control rats, fracture rats given regular water, or fracture rats given 200 mg/kg/day pentoxiphylline (PTX) in drinking water. At 4 weeks after fracture the levels of mRNA expression for all cytokines were increased in ipsilateral hindpaw skin relative to the control animals. Treatment with PTX reduced mRNA levels of these cytokines relative to tibia fracture rats receiving regular drinking water (n = 8-10 per cohort). ). An analysis of variance showed overall differences among three cohorts for mechanical allodynia (F 2,23 = 92.42, p < 0.0001, panel 3C) and weight bearing (F 2,23 = 57.22, p < 0.0001, panel 3D). Fig. 3C illustrates that von Frey nociceptive thresholds in the right hindpaw were reduced after fracture (post hoc testing vs. control rats; p < 0.001) and chronic PTX treatment completely reversed fracture-induced mechanical allodynia (post hoc testing vs. untreated fracture rats; p < 0.001). Untreated fracture rats unweighted the ipsilateral hindpaw by 43% at 4 weeks post-fracture (post hoc testing vs. control rats; p < 0.001) and PTX treatment partially restored weight bearing in the fracture hindlimb (post hoc testing vs. untreated controls; p < 0.001, Fig. 3D ). Neither fracture nor PTX treatment had any effect on nociceptive thresholds in the contralateral hindpaw vs. control rats (data not shown).
Treatment with a single dose of PTX (200 mg/kg, p.o.) at 4 weeks post-fracture had no effect on warmth and edema parameters. However, the drug completely reversed mechanical allodynia (unpaired t-test = 5.5, df = 17, p < 0.001 vs. week 4 fracture rats treated with water) and weight bearing was partially restored (unpaired t-test = 4.23, df = 16, p < 0.001 vs. week 4 fracture rats treated with water). The magnitude of the drug-induced increases in nociceptive thresholds and weight bearing after a single dose of PTX were similar to the effects of prolonged PTX administration (data not shown). Treatment with a single dose of PTX (200 mg/ kg, p.o.) in control rats had no effect on tail-flick latencies (vs. control rats administered just water, unpaired t-test, data not shown), indicating a lack of analgesic efficacy for acute nociceptive stimuli.
PTX effect on trabecular and cortical bone loss after fracture
Representative lCT scans in Fig. 4 illustrate fracture-induced trabecular bone loss in the distal femur and L4 vertebrae. Fig. 5 shows quantitative data for the effects of fracture and PTX treatment on trabecular bone. Trabecular bone BV/TV% changes among three cohorts were examined by one-way ANOVA with a significant effect for three trabecular sites indicating overall differences: F 2,31 = 31.16, p < 0.0001 for ipsilateral distal femur (panel 5A), F 2,30 = 6.41, p = 0.005 for contralateral distal femur (panel 5B), and F 2,23 = 17.18, p < 0.0001 for L4 vertebrae (panel 5C). After fracture there was a 43% reduction in the ipsilateral distal femur BV/ TV% (post hoc testing vs. control rats; p < 0.001), a 30% reduction in the contralateral distal femur BV/TV% (post hoc testing vs. control rats; p < 0.01) and a 51% reduction in the L4 vertebral BV/ TV% (post hoc testing vs. control rats; p < 0.001). Chronic PTX treatment had no significant effect on fracture-induced bone loss in any of these skeletal sites. In cortical bone. an analysis of variance showed overall differences among the three cohorts for ipsilateral cortical thickness (F 2,31 = 4.89, p = 0.014, panel 6A). Interestingly, there were no significant changes in the cortical bone parameters in the fracture group (Fig. 6) , whereas PTX treatment increased the ipsilateral cortical bone thickness at 4 weeks post-fracture relative to control and fracture cohorts (Fig. 6A , post hoc p < 0.05).
Immunocyte infiltration into hindpaw skin after fracture
Immunohistochemistry was used to detect the infiltration of immunocytes into hindpaw skin. In Fig. 7 , the top row shows representative micrographs of H&E stained skin. Inspection of these sections did not reveal the existence of an immunocyte infiltration in the fractured hindpaw skin. Skin harvested 3 days after hindpaw incision in positive control experiments did, however, show a dense cellular infiltrate. We also tested antibodies selective for macrophages (OX-42, second row), T-lymphocytes (CD-43, third row), and neutrophils (HIS48, bottom row). This staining was negative for any type of immunocytes in hindpaw tissue from control and fracture rats, while robust infiltrations of macrophages (day 3), T-lymphocytes (day 7), and neutrophils (day 3) were observed after hindpaw incision (positive controls).
3.6. PTX had no effect on body mass after fracture At 4 weeks after tibia fractur,e both the untreated and PTX treated rats lost body weight (p < 0.001, data not shown). The untreated fracture rats lost 22% of their body mass (458 ± 9.8 g baseline vs. 358 ± 14.4 g at week 4), while the drug treated fracture rats lost 21% of their body weight (455 ± 8.3 g baseline vs. 358 ± 7.1 g at week 4).
Discussion
At 4 weeks after fracture, there was an increase in TNFa, IL-1b and IL-6 mRNA ( Fig. 1) and protein expression (Fig. 2) in the ipsilateral hindpaw skin, similar to the increases seen in the CRPS af- Fig. 5 . Quantitative analysis of three dimensional lCT data for trabecular bone. Analysis of the images collected as described for Fig. 4 revealed extensive trabecular bone loss in the ipsilateral (panel A) and contralateral (panel B) distal femur as well as in the L4 vertebra (panel C) compared to control rats. PTX treatment had no effect on trabecular bone loss (panels A-C) (n = 8-16 per cohort). ** p < 0.01 and *** p < 0.001 fracture vs. control groups. fected limbs of humans. Over-expression of pro-inflammatory cytokines can cause inflammatory pain and bone loss in animal models and clinical studies. The pharmacological manipulation of cytokine levels might be expected, therefore, to alter nociceptive sensitization and perhaps other facets of CRPS. PTX, a nonspecific phosphodiesterase inhibitor, has several actions that improve blood rheology and tissue perfusion and it is used clinically as a treatment for intermittent claudication (Accetto, 1982) , the most common symptom of mild-to-moderate peripheral arterial disease. Laboratory investigations, however, generally employ the drug for its anti-cytokine effects and previous reports demonstrate that PTX administration virtually eliminates the up-regulation of cytokines in various pain models (Strieter et al., 1988; Zabel et al., 1993; Dorazil-Dudzik et al., 2004; Ji et al., 2004; Lu et al., 2004 Lu et al., , 2007 Vale et al., 2004) . In this study, we showed that chronic PTX treatment completely blocked fracture induced increases in hindpaw TNFa, IL-1b and IL-6 mRNA ( Fig. 1) and protein (Fig. 2 ) levels, except for the increase in IL-1b protein, which was only partially inhibited by PTX treatment (Fig. 2B) .
It is notable that changes in mRNA levels and changes in cytokine protein were not always proportional in this CRPS model. For example, the relative changes in both IL-1b and IL-6 mRNA after fracture were far in excess of the protein level changes (Figs.  1 and 2 ). This is not an uncommon type of observation, and may be attributable to translational control. For example, Ferlito et al. reported enhanced TNFa protein production in human promonocytic cells after LPS stimulation due to regulation at the translational and post-translational levels. No changes in transcription or mRNA stability were found (Ferlito and De Maio, 2005 ). Gornikiewicz Fig. 7 . H&E and immunohistochemical staining of rat hind paw tissue from rats with and without fracture and positive control rats with hindpaw incision. The dorsal hind paw skin from rats 4 weeks after fracture, 3 and 7 days after incision were harvested for these studies. In the top row are representative H&E stained sections. Cellular infiltration was observed only in skin from rats incised 3 days earlier. The top row for fluorescent microscopy contains micrographs from sections exposed to antibodies for OX-42, a macrophage marker. No specific staining was noted in the fractured hind paw skin, while a robust response is observed in the skin incised 3 days earlier. The middle row for fluorescent microscopy shows sections exposed to antibodies for CD-43, a T-lymphocyte marker. Again, no specific staining was noted in the fracture group, though abundant T-lymphocytes were identified in skin from rats incised 7 days earlier. The bottom row shows no specific staining observed in the fracture hindpaw for HIS48, a neutrophil marker, but robust staining in the rats incised 3 days earlier. Scale bar: top panel -100 lm, middle and bottom panels -25 lm.
et al. demonstrated that increased IL-6 mRNA caused by transcriptional up-regulation can occur without large changes in protein production (Gornikiewicz et al., 2000) . Also, it has been shown that terminal complement component mRNA levels could be increased in synovial cells and keratinocytes stimulated with various cytokines, whereas changes in complement protein levels could not be detected (Guc et al., 1993; Timar et al., 2007) . With a host of regulatory mechanisms controlling cytokine expression at the transcriptional, splicing, mRNA stability and translational levels, it is perhaps not surprising that fracture does not affect the levels of all cytokines in the same way. Thus a strength of our study is the measurement of both mRNA and cytokine protein levels.
Previous reports have demonstrated that PTX suppresses phosphodiesterase activity, leading to increased intracellular cAMP levels (for review see Ward and Clissold, 1987) . The increased cAMP has been reported to stimulate a protein kinase A (PKA), resulting in the phosphorylation of a number of regulatory proteins (Remold-O'Donnell, 1974) , including cAMP-responsive element binding protein (CREB), which can inhibit nuclear factor kappa B (NFjB) mediated transcription of cytokines (Parry and Mackman, 1997) . Thus, sustained elevated levels of cAMP due to PTX treatment can reduce different inflammatory processes through the stimulation of PKA-CREB pathway shutting down NF-jB-induced transcription (Biswas et al., 1994; Blackwell and Christman, 1997; Ji et al., 2004 ). In the current study, we showed that PTX down-regulated TNFa, IL-1b and IL-6 mRNA levels, perhaps due to this cAMP-PKA-CREB-NF-jB pathway.
An additional aim of this study was to identify PTX effects on different clinically relevant manifestations of CRPS, including nociceptive and vascular abnormalities. Numerous clinical and translational studies have demonstrated cytokine involvement in the development of inflammatory nociception, and cytokine levels have been shown to be elevated in the skin of patients with CRPS. We hypothesized that PTX inhibition of cytokine overexpression after fracture might prevent the development of hindlimb nociceptive sensitization, edema and warmth. Mechanical allodynia was completely reversed and weight bearing partially restored after a 4-week course of PTX treatment (200 mg/kg/day, p.o.), started the day before tibia fracture. Furthermore, a single dose of PTX (200 mg/kg, p.o.) had similar antinociceptive efficacy when given at 4 weeks post-fracture, suggesting that PTX treatment is not just effective when administered preemptively but can also relieve pain in the fully developed CRPS model. Prolonged PTX administration also reduced the hindpaw warmth characteristic of the fracture model (inhibition of edema did not quite reach significance). Though not previously studied in CRPS patients, PTX has been demonstrated to reduce nociceptive sensitization and cytokine production in animal models of inflammatory and neuropathic pain (Wordliczek et al., 2000; Dorazil-Dudzik et al., 2004; Vale et al., 2004; Liu et al., 2007; Mika et al., 2007) . Others have administered PTX to surgical patients and observed lower postoperative pain scores, opioid requirements and serum cytokine levels (Wordliczek et al., 2000; Lu et al., 2004) .
Another distinct component of CRPS is regional trabecular bone loss (Bickerstaff et al., 1993; Sarangi et al., 1993) . We observed trabecular bone loss in distal femur ipsilateral and contralateral to the fracture site, as well as in the 4th lumbar vertebra. However, there was no cortical bone loss in these animals. When the normal interaction between the immune and skeletal systems is disrupted by chronic inflammation the balance favors net bone loss (Rauner et al., 2006) . TNFa, IL-1b and IL-6 regulate bone resorption by stimulating expression of receptor activator of NF-jB ligand (RANKL) in osteoblasts (Thomson et al., 1986; Thomson et al., 1987; Kishimoto, 1989; Rauner et al., 2006) , which is necessary for osteoclast differentiation (Yasuda et al., 1998) . The bone loss observed after tibia fracture, in the setting of elevated levels of multiple cytokines, is consistent with our current state of understanding of interaction between the immune and skeletal systems. PTX treatment can induce osteoblastic differentiation, stimulate bone formation and increase bone mass in mice (Kinoshita et al., 2000; Rawadi et al., 2001; Tsutsumimoto et al., 2002; Horiuchi et al., 2004) , and other phosophodiesterase inhibitors have been shown to exert therapeutic effect in different osteopenia models (Robin and Ambrus, 1983; Waki et al., 1999) . In the present study, we observed that chronic PTX treatment had no significant effect on trabecular bone loss after fracture, but there was a significant increase in cortical bone thickness after PTX treatment (Fig. 6A) , perhaps attributable to its inhibitory effects on phosphodiesterases and the NF-jB pathway.
Because the paws of the tibia fracture animals exhibited signs of inflammation (warmth, edema, nociceptive sensitization, and enhanced cytokine production), we looked for immunocytes in the fracture hindpaw. We failed to observe any infiltration of macrophages, T-cells, or neutrophils in the hindpaw skin at 4 weeks post-fracture (Fig. 7) . Our control experiments using previously incised skin confirmed that the immunohistochemical techniques selected would have allowed us to detect the infiltration of these cell types. We postulate that the overexpressed cytokines observed in the hindpaw skin after fracture were produced by resident cells such as keratinocytes. These cells can produce TNFa, IL-6 and other cytokines in the settings of acute and chronic disease-related inflammation, traumatic injury, and after exposure to irritants (Allen et al., 2000; Johansen et al., 2006; Eming et al., 2007) .
Collectively, our data support the idea that CRPS is a syndrome involving a host of different end organ pathophysiological mechanisms resulting in a diverse range of manifestations. At 4 weeks after tibia fracture there was a dramatic up-regulation of cytokines in the injured limb and we postulated that this inflammatory response could contribute to the CRPS-like consequences fracture. The antinociceptive effects of PTX were profound, but vascular and bone abnormalities were less responsive to PTX treatment. It does not appear that strategies directed only at modifying cytokine levels will effectively treat all signs and symptoms of CRPS. On the other hand, changes in the abundance of inflammatory cytokines like TNFa seem to be associated with antinociceptive effects and a reasonable path forward would be to delineate the role of individual cytokines in peripheral and neural tissues as they function to support the development of this post-fracture syndrome.
Attribution
Physical Medicine and Rehabilitation Service, Veterans Affairs Palo Alto Health Care System, Palo Alto, CA.
Statement summary
Pentoxifylline treatment inhibited fracture-induced up-regulation of inflammatory cytokines in the rat hindpaw and reversed nociceptive sensitization and vascular abnormalities in this chronic pain model. These results suggest that pro-inflammatory cytokines contribute to the nociceptive and vascular sequelae of fracture and that pentoxifylline treatment can reverse these CRPS-like changes.
